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Abstract 6 
Construction processes require monitoring to ensure safety and to control the new and existing 7 
structures. Traditional monitoring is based on land surveys and geotechnical instruments and 8 
only allows for point-like measurements. Ground-based Synthetic Aperture Radar (GB-SAR) is 9 
a remote sensing radar installed in the ground that offers the possibility of acquiring 10 
measurements in 2D covering areas of up to a few square kilometers in a single acquisition. 11 
Because the GB-SAR technology measures phase shifts along the line-of-sight, it only allows 12 
for measurements in the longitudinal direction. Moreover, this technology requires coherence 13 
between subsequent acquisitions. These restrictions can be a limitation to the usage of GB-SAR 14 
for monitoring a construction process because in this context, the movements of soil and 15 
existing structures occur in any direction and at a very fast pace. This paper aims to test the GB-16 
SAR suitability to measure movements during construction. To do so, an experiment was 17 
performed in the future railway station of La Sagrera, Barcelona (Spain), in which GB-SAR was 18 
used to accurately quantify wall displacements induced by dewatering and proved to be helpful 19 
to understand structural deformations and to identify vulnerable areas. The results were 20 
compared to traditional monitoring data and numerical models to confirm the reliability of the 21 
GB-SAR measurements. 22 
 23 
Highlights 24 
 GB-SAR is suitable to monitor deformation phenomena in soil and structures. 25 
 GB-SAR precisely quantified wall displacements induced by dewatering. 26 
 GB-SAR complements the traditional monitoring techniques. 27 
 Traditional data and numerical models confirmed the GB-SAR measurements. 28 
 GB-SAR can help to understand structure deformations and identify vulnerable areas. 29 
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1. INTRODUCTION 32 
Civil projects can be especially challenging when construction is under the water table and in 33 
urban environments. The impacts on both aquifer and construction areas must be limited, 34 
requiring construction designs that ensure safety compliance and preservation of the aquifer 35 
conditions. As a result, it is necessary to adopt corrective measures previous to, during, and/or 36 
after the construction. In all cases, these measures must be supervised by monitoring the 37 
hydraulic heads, soil movement (heaves and subsidence), and movements of adjacent buildings 38 
(these being the most common controlled parameters). 39 
Traditional infrastructure project monitoring is based on land surveys and geotechnical 40 
instruments. The most common topographic techniques include leveling, total stations, 41 
Differential Global Positioning System (DGPS), and robotic total stations, and the geotechnical 42 
techniques include pendulums, inclinometers, extensometers, piezometers, gyros, and optical 43 
fiber-based techniques (Dunnicliff, 1988; Marchamalo et al., 2011). Some of these techniques, 44 
such as DGPS, robotic total stations and optical fiber-based methods, allow for automatic 45 
measurements and continuous monitoring. Although all of these techniques are widely accepted 46 
and used, they are susceptible to the weather conditions (i.e., they are difficult to use during a 47 
storm) and still allow only point-like measurements, requiring interpolation and extrapolation to 48 
achieve a complete measurement understanding. 49 
In the last few decades, new technologies for assessing soil movements have evolved rapidly. 50 
Remote sensing imaging systems, such as synthetic aperture radar (SAR), now offer the ability 51 
to capture complete deformation patterns (2D information) and the possibility of both day and 52 
night operation, independent of the weather conditions (storm, wind, rain, and sun). The SAR 53 
sensors can be installed in satellites or on the ground (GB-SAR). While satellite acquisitions 54 
cover areas of 100 km by 100 km at longer time periods, ranging from days to weeks 55 
(depending on the satellite), ground-based systems allow for continuous monitoring in smaller 56 
areas (usually approximately 1-2 km2) and shorter revising times on the order of minutes. GB-57 
SAR presents some limitations, such as the necessity of measuring displacements perpendicular 58 
to the Line-Of-Sight (LOS) and the requirement for pixel coherence over time. Nevertheless, the 59 
GB-SAR system provides more capabilities compared with other deformation measurement 60 
techniques due to its high sensitivity to small deformations, its long-range measurement 61 
capability (up to several kilometers) and its simultaneous measurement of a vast number of 62 
points. 63 
GB-SAR has been successfully used, tested and accepted in a variety of applications. The most 64 
common applications include the monitoring of slope instability related to rockslides (Tarchi et 65 
al., 2005), landslides (Tarchi et al., 2003; Schulz et al., 2012), or volcanoes (Casagli et al. 66 
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2010). Other important GB-SAR applications are urban infrastructure and building monitoring 67 
(Pieraccini et al., 2004; Tarchi et al., 1997; Tapete et al., 2013), dam monitoring (Tarchi et al., 68 
1999), dike monitoring (Takahashi et al., 2013) and glacial motion monitoring (Luzi et al., 69 
2007). A general review of the GB-SAR technology is provided by Monserrat et al. (2014). 70 
Due to the characteristics of GB-SAR, a very large variety of displacements can be accurately 71 
measured. However, GB-SAR has not yet been applied as a monitoring tool during 72 
infrastructure projects. This might be due to the difficulty of properly locating the sensor or to 73 
the lack of elements that remain coherent over time. Fortunately, these drawbacks can be 74 
overcome by combining the GB-SAR with traditional displacement measurements and by 75 
analyzing which structures are most vulnerable and should be monitored. 76 
This paper aims to demonstrate how to use GB-SAR to continuously monitor infrastructure 77 
projects in time and space. To demonstrate the utility of applying GB-SAR to structure 78 
monitoring, an experiment was conducted in the future railway station of La Sagrera, Barcelona 79 
(Spain). This experiment consists of the design, implementation, quantification and 80 
interpretation of a pumping test that allows the GB-SAR to measure the movements of a 81 
structure during the construction phase. Based on the geological, geotechnical, hydrogeological 82 
and construction knowledge of the work, the structures susceptible to movement in the next 83 
phase of the project were selected. The results of GB-SAR are compared with conventional 84 
monitoring measures. 85 
2. PROBLEM STATEMENT AND GB-SAR EXPERIMENT DESIGN 86 
2.1. GB-SAR BASICS 87 
This section briefly reviews the most important characteristics of GB-SAR deformation 88 
monitoring. The GB-SAR is an imaging sensor based on the synthetic aperture radar (SAR) 89 
technique (Fortuny and Sieber, 1994). For each image pixel, a GB-SAR provides a complex 90 
number, which consists of the In-phase and Quadrature components of the received echo, from 91 
which the signal phase and amplitude can be derived. The amplitude is related to the power of 92 
the reflection of the observed scene, while the phase contains geometric information, which is 93 
related to the distance between the radar antenna and the given target. The main GB-SAR 94 
observation is given by the interferometric phase, which is obtained using the phase difference 95 
of images acquired at different times. The interferometric phase is directly related to the 96 
displacements of the observed scene in the time elapsed between two acquisitions, providing the 97 
displacements of individual image pixels. The displacement associated with a given pixel 98 
represents a weighted average of the displacement of all of the elements included in the pixel 99 
footprint. The weight is given by the amplitude of the response of each single element. 100 
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The main steps of GB-SAR data processing include the following: (i) acquisition of a stack of 101 
GB-SAR images; (ii) image co-registration; (iii) selection of the coherent pixels (the pixels 102 
maintain their relative position and phase, and it does not affect the degree of correlation 103 
between two images), i.e., the pixels that can be exploited for deformation monitoring; (iv) 104 
phase unwrapping; (v) phase integration, estimation and removal of the atmospheric phase 105 
component; (vi) estimation of the LOS deformation time series for each coherent pixel; (vii) 106 
computation of the three coordinates (e.g., East, North, and height) of each measured pixel; and 107 
(viii) (optional) transformation of the LOS deformation in the actual deformation direction (this 108 
can only be performed if the deformation direction is known). 109 
The main shortcomings of GB-SAR deformation monitoring are as follows: (1) the pixel 110 
response must be coherent over time (i.e., between different image acquisitions); (2) the 111 
reconstruction of the interferometric phase (unwrapping phase (Ghiglia and Pritt, 1998)) is 112 
error-prone, especially for discontinuous GB-SAR measurements; and (3) the sensor measures 113 
displacement along the radar Line-of-Sight (LOS), and therefore, displacements oblique to the 114 
LOS can be computed while displacements perpendicular to the LOS cannot be measured. 115 
However, GB-SAR deformation monitoring presents many advantages. (1) The deformation 116 
monitoring process can be highly automated, independent of the weather conditions and the 117 
day-night cycle. (2) GB-SAR is able to monitor deformation phenomena, from a few 118 
millimeters per year up to 1 m per h, at distances of up to several kilometers (the precision 119 
ranges from sub-millimeters to a few millimeters, depending on the target characteristics, the 120 
sensor to target distance and the distance from the reference point). (3) A GB-SAR 121 
measurement can cover an area of 1–2 km2, providing a dense measurement coverage of the 122 
observed scene (the GB-SAR instrument used in this study ranges from approximately four 123 
measurements/m2 at 100 m to 0.4 measurements/m2 at 1000 m). Finally, (4) GB-SAR can be 124 
used in two acquisition modes: continuous (the instrument is left installed in situ, acquiring data 125 
on a regular basis, e.g., every few minutes) and discontinuous (the instrument revisits a given 126 
site periodically, e.g., weekly or monthly) (Crosetto et al., 2014). 127 
2.2. LA SAGRERA STATION EXCAVATION AREA 128 
2.2.1. General situation 129 
La Sagrera railway station (Figure 1) is located in the metropolitan area of Barcelona (Spain) 130 
and aims to become the city’s major intermodal transit hub. The station is expected to receive 131 
more than 100 million passengers per year, combining high-speed trains, short- and medium-132 
distance trains, four metro lines and buses (ADIF, 2015). The railway station construction began 133 
in 2010 and is planned to be completed by 2020. At the time of the experiment (February 2014), 134 
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all diaphragm walls were built (finished in February 2013), the dewatering system was drilled 135 
and equipped (finished in November 2012), and the site leveling was completed (no excavation 136 
yet). 137 
2.2.2. Geological and hydrogeological settings 138 
The metropolitan area of Barcelona is located on the Mediterranean coast of NE Spain. 139 
Geologically, this area is formed by a coastal plain (the Barcelona coastal plain) bounded by 140 
two Quaternary deltaic formations (corresponding to the Besòs and Llobregat rivers) and an 141 
elevated area, the Catalan Coastal Ranges (mainly Paleozoic rocks composed of granodiorite 142 
materials) (Sanz, 1988). More concretely, the study site is located in the actual plain, which 143 
consists of Quaternary formations that overlie a substrate mainly formed by Paleozoic and 144 
Pliocene series. The Quaternary formation presents a very heterogeneous pattern and can be 145 
divided into the Lower Quaternary (Pleistocene) and Upper Quaternary (Holocene). The 146 
Pleistocene is made up of several cycles composed of alluvial sequences. The upper Quaternary 147 
is mainly composed of torrential, alluvial and foothill deposits, where gravels and sands with a 148 
high proportion of clay matrix are present. All of these quaternary deposits are 30 m thick. The 149 
pre-Quaternary substrate consists of the Pliocene series, mainly composed of marine blue marls 150 
and sandy marls and Paleozoic granite. The entire study area is cut by many fractures that 151 
compartmentalize the pre-Quaternary substrate; specifically, the construction area is crossed by 152 
a fracture (oriented NNW-SSE) that separates the two Pliocene series: Pliocene marls (south) 153 
and Pliocene sandy marls (north). 154 
Hydrogeologically, the Quaternary and pre-Quaternary materials can be regarded as a layered 155 
aquifer with high vertical heterogeneity, with an effective transmissivity of 100-200 m2/d. The 156 
hydraulic conductivity (k) of the Quaternary clay layers (low-permeability layers) ranges from 157 
0.001 to 0.01 m/d, the k of the Quaternary sand and gravel layers (high-permeability layers) 158 
ranges from 0.1 to 10 m/d, the k of the Pliocene fine materials (marls) ranges from 0.001 to 0.01 159 
m/d, and the k of the sands ranges from 0.1 to 10 m/d. These values were derived from the 160 
numerous hydraulic tests performed in the study area and from numerical models developed for 161 
calibration purposes.  162 
The water table oscillations during the 20th century, due to extensive water extractions at the 163 
beginning of the century (drawdowns of approximately 10-15 m) and the water table recovery 164 
after the 1970s (Vázquez-Suñé et al., 2005), resulted in an over-consolidation of the soil, 165 
changing the soil deformation from plastic to elastic (Odometric curve). This behavior has been 166 
appreciated in the nearby High Velocity Railway shafts of Padilla (approximately 1,500 m) and 167 
Trinxant (approximately 500 m) in Barcelona, Spain (Pujades et al., 2014a, 2014b). Basic soil 168 
parameters were obtained from laboratory and field tests (see Table 1). The cohesion ranges 169 
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from 0 to 70 kPa, the soil unit weight ranges from 20 to 21.5 kN/m3, the friction angle is in the 170 
range of 26º to 38º, and Poisson’s ratio is between 0.3 and 0.4.  171 
Figure 2 summarizes the hydrogeological and geological characteristics of the study area. 172 
Figure 3 shows a detailed view of the excavation and the rail retaining wall (west). 173 
2.2.3. Construction characteristics 174 
The Sagrera station will occupy an area of approximately 70.000 m2 and requires a 20-m-deep 175 
excavation. The initial soil elevation is between +14 and +16 m.a.s.l. (meters above sea level), 176 
and the water table’s natural position is between +2 and +4 m.a.s.l. The dewatering process is 177 
performed inside diaphragm walls (the bottoms of which are at -20 m.a.s.l.) to meet the 178 
structural requirements and to reduce the water extraction and subsidence outside. The 179 
diaphragm walls are anchored on their upward sides to support the railway lines (which have 180 
been deviated and are active during the entire process). The excavation bottom is at -8 m.a.s.l., 181 
requiring a water table drawdown of approximately 12 m. The first excavation phase involves 182 
extraction of the non-saturated soil (the bottom of which is at +2 m.a.s.l.). The second phase 183 
excavates the saturated soil, from +2 m.a.s.l. to -8 m.a.s.l. There are 26 wells (which reach down 184 
to -20 m.a.s.l.) and a network of 48 piezometers (20 inside and 28 outside of the excavation 185 
area) with different depths and screens to execute and control the dewatering process.  186 
The construction stages are (i) design, (ii) diversion (any services on the site such as drainage, 187 
water and gas piped services, power and communication cables and traffic must be diverted 188 
before the construction starts); (iii) site clearing; (iv) diaphragm wall construction and non-189 
saturated soil excavation; (v) dewatering and excavation; (vi) building construction; and (vii) 190 
building operation. At the time of this experiment (February 2014), all diaphragm walls were 191 
built and the dewatering system was ready (construction stage iv was finished). 192 
See Figure 1 for the site study area and the construction details. Figure 2 shows a cross section 193 
at the moment of maximum excavation, and Figure 3 shows a detailed view at the time of the 194 
experiment. 195 
2.3. EXPERIMENT SETUP 196 
The current stage of construction presents a great opportunity to measure structural 197 
displacements. The experiment involves the following steps. (1) A pumping test is used to 198 
generate a controlled deformation: drawdowns in a pre-consolidated soil result in an elastic soil 199 
deformation behavior. (2) Numerical methods are used to design the pumping test 200 
(hydrogeological models) and to anticipate the soil and wall displacements (hydromechanical 201 
models). (3) GB-SAR measurements are spatially and temporally correlated with 202 
7 
hydrogeological data (such as pumping rates and piezometric level evolutions) to evaluate the 203 
deformation produced by the dewatering. (4) GB-SAR measurements are compared with direct 204 
observations and other conventional displacement measurement techniques (such as total station 205 
measurements, inclinometers and extensometers). (5) Numerical models are calibrated with the 206 
real displacement and hydrogeological measures, and the results are compared with the GB-207 
SAR measurements. 208 
2.3.1. Pumping test 209 
A 3-week pumping test was performed using eight pumping wells. Each pump extracted 210 
approximately 4 L/s, rising to 32 L/s when all eight pumps were extracting. Instead of starting 211 
the eight pumps simultaneously, the pumps were started sequentially (from the southern to the 212 
northern edge) to generate eight hydraulic steps. Every hydraulic step (when a pump starts) 213 
increased the water extraction, decreased the piezometric level and increased the soil 214 
deformation. The main advantages of this pumping test design rely on (1) the non-homogenous 215 
temporal and spatial deformation generation (which produces a complex deformation); (2) the 216 
limit of detection identification for every measurement technique; (3) the construction defects 217 
detection (i.e., open joints in the diaphragm walls - Vilarrasa et al., 2011, Pujades et al., 2012); 218 
(4) the numerical modeling calibration and validation; and (5) the dewatering system status 219 
inspection. The maximum drawdown was 8 m, increasing inside the pumping wells according to 220 
the head loss. 221 
Figure 1 shows the position of all of the pumping wells, distinguishing those activated in this 222 
pumping test in yellow, numbered in the order of activation. 223 
2.3.2. GB-SAR location 224 
The position of the radar is a fundamental aspect as the sensor performs LOS measurements. In 225 
construction projects, where the imaged scene can vary considerably over time, the GB-SAR 226 
can only be used to monitor those elements, buildings and structures that remain coherent over 227 
time. To measure all of the horizontal (structures) and vertical (soil) displacements, the GB-228 
SAR sensor must be located at sufficient height and distance to have a LOS inclination as close 229 
as possible to 45º. The geometry of the study site allowed us to obtain a low LOS elevation 230 
(ranging from 2º to 8º). This quasi-horizontal LOS resulted in a good sensitivity to horizontal 231 
displacements and limited sensitivity to vertical displacements. The radar was located 232 
perpendicular to the northern diaphragm wall and was able to measure approximately two-thirds 233 
of the construction area. Figure 4 shows the radar location and the field of view. 234 
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2.3.3. GB-SAR measurements 235 
The radar measurements were performed using a Ku-band interferometer, IBIS-L, manufactured 236 
by IDS Spa. IBIS-L uses a radar wavelength of 1.74 cm. The measurements were taken using a 237 
range resolution of 0.5 m and an azimuth resolution of 4.4 mrad (which, for example, 238 
corresponds to 0.44 and 0.88 m at 100 and 200 m, respectively). Additional information related 239 
to the sensor is provided in Bernardini et al. (2007), IDS (2013), Monserrat et al. (2014) and the 240 
IDS web page (www.idscorporation.com). The SAR images were acquired over a time period of 241 
5 min. For each measured point, the displacements were estimated corresponding to the date of 242 
each acquired SAR image. The GBSAR data processing followed the steps listed in Section 2.1. 243 
In particular, the phase unwrapping was based on the Minimum Cost Flow algorithm 244 
(Costantini, 1998), and the estimation and removal of the atmospheric phase component were 245 
based on stable areas that surround the deformation area of interest. 246 
2.3.4. Other measurements 247 
The soil and diaphragm wall displacements were monitored by a system composed of 248 
extensometers, inclinometers and topographic targets located inside and outside of the 249 
enclosure. In the zone of interest, the subsidence in the excavation area was measured by four 250 
incremental extensometers, and the wall displacements were controlled by 10 inclinometers and 251 
10 topographic targets. The total station was a TCRP 1202 R100 Leica model and measured 252 
both the soil subsidence inside the enclosure (using manual target-prism) and the topographic 253 
targets on the wall. The periodicity of the measurements ranged from days to months, 254 
depending on the progress of the construction project. During the experiment, measurements 255 
were expected to be taken at least three times: previous to, during (at the maximum pumping 256 
rate) and after the pumping test. Figure 4 shows the location of all of the extensometers, 257 
inclinometers and topographic dartboards at the experiment site. 258 
2.3.5. Hydrogeological and hydromechanical numerical models 259 
Numerical models are necessary to simulate and understand the mechanisms that control the 260 
structural movements: for the design of the pumping test (hydrogeological models) and for 261 
prediction of the soil and wall displacements (hydromechanical models). 262 
The finite element code TRANSIN-IV (Medina et al., 2000; Medina and Carrera, 2003) is used 263 
with the visual interface of VISUAL TRANSIN (UPC, 2003) to build the hydrogeological 264 
model. A 3D model is constructed and divided into 17 layers. This distribution enables us to 265 
represent the station accurately in its real depth. Borehole and piezometer screens are located in 266 
their corresponding layers. 267 
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The finite element model, based on the ©PLAXIS commercial code, is used to establish the 268 
hydromechanical model. This model simplifies the shape of the excavation to a rectangle of 269 
500-m length and 80-m width and cuts the rectangle into a series of 2D transverse sections, 270 
defined at distances of approximately 35 m, which require 35 sections to simulate the entire 271 
diaphragm wall (sections 6 to 23 are measured using the GB-SAR during the experiment). 272 
Every section contains the structural elements of the retaining structure (cast-in-place 273 
diaphragm walls and anchors). Additional configurations are set up in some sections when 274 
special features (geometric, structural, or geotechnical) required them. The Hardening Soil 275 
Model within the ©PLAXIS code is selected as a mechanical constitutive law, as was shown to 276 
be convenient for simulating the behavior of the Quaternary and Tertiary soils in Barcelona 277 
(Pujades et al., 2014b). Figure 3 shows a detailed soil and excavation profile of the hydro-278 
mechanical numerical model corresponding to the transverse section A6 over the period of the 279 
experiment.  280 
3. RESULTS AND DISCUSSION 281 
The experiment was performed from January 28th to February 18th, 2014. The pumping test 282 
lasted three weeks: two weeks of pumping (from January 28th to February 10th, 2014) and 283 
another week to observe the drawdown recovery. Four pumps were activated during the first 284 
week (daily, from Monday to Thursday), and the rest were activated during the second week. 285 
Water pressure data were collected manually (five times per day) and automatically (every 5 286 
min) from 29 points; four dartboards were measured previous to, during, and after the 287 
experiment; over 33,000 coherent points were collected every 5 min by the GB-SAR radar. In 288 
this analysis, only the night GB-SAR data are used for two main reasons: (1) to reduce the 289 
effect of the traffic in the construction area and increase the number of coherent points and (2) 290 
to reduce atmospheric effects (such as changes in humidity or temperature) in the measured 291 
SAR data. Multiple interferograms were processed to check the consistency of the phase 292 
unwrapping. 293 
Two displacement maps (Figure 5) compare the original soil and wall positions at the maximum 294 
drawdown time step (Figure 5.2) and after the drawdown recovery (Figure 5.3). In Figure 5, the 295 
LOS displacements are color-coded. The black colored pixels represent pixels with no 296 
coherence. When the water pressure is reduced inside the enclosure during the pumping test, the 297 
water pressure out of the enclosure pushes the wall toward the interior of the enclosure (in this 298 
case, toward the radar) and produces a deformation of the wall (see Figure 5.2). When the 299 
dewatering ceases, the water pressure increases inside the enclosure, pushing the wall in front of 300 
the sensor and restoring the original wall position. The accumulated displacements are shown in 301 
Figure 5.3. An intermediate interferogram (from the maximum deformation up to the end of the 302 
experiment) is very similar to the map shown in Figure 5.2 but with opposite displacement 303 
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values. In this figure, one may observe that the wall connection to the railway lines on its 304 
upward side results in a very rigid structure (the wall and the railway) that moves together. 305 
Eight sections (A1 to A8) were analyzed to determine the sensitivity of the wall to the 306 
drawdown: they undergo maximum horizontal displacements that range between 2.7 and 3.7 307 
mm (see Figure 6). The negative values demonstrate that the wall was moving closer to the 308 
radar sensor (the LOS distance is decreasing). The displacement distribution along the wall was 309 
not constant (see Figure 6.2); this is logical because both anchors in the diaphragm walls and the 310 
drawdowns induced by the progressive pumping test were not constant either (see Figures 6.1 311 
and 6.3). The GB-SAR radar position was not high enough, and only a quasi-horizontal LOS 312 
was achieved (see the bottom parts of Figures 5.2 and 5.3). The soil displacement results were 313 
discarded due to the weak radar sensitivity to vertical displacements and the lack of coherence 314 
inside the diaphragm walls. 315 
A spatial-temporal correlation analysis between the measured GB-SAR displacements and 316 
hydrogeological parameters was conducted. Pumping rate evolutions, piezometric level time 317 
series and wall displacements were correlated in Figure 7. The graph shows a strong cause-and-318 
effect relationship over time among all of the variables. The pumping and piezometric level 319 
recovery periods coincide with the displacement trends: the distance to the radar sensor was 320 
reduced when pumping, and the original distance was recovered after the pumping stopped.  321 
Water levels of -4 m.a.s.l. (occasionally below that inside the pumping wells, due to head 322 
losses) were measured during the experiment. From a hydromechanical point of view, the soil 323 
responds with an elastic behavior, with very little variation during the pre-pumping, post-324 
pumping and recovery cycle (Figure 5 and Figure 7). However, due to a power outage, the 325 
GBSAR system stopped acquiring data during the drawdown recovery (represented as a dashed 326 
line in Figure 7); therefore, it was not possible to obtain the measurement of the exact wall 327 
response when the pumping ceased. This measurement was only possible at the end of the 328 
campaign (when we were able to make the last measurements). In principle, this last 329 
measurement could contain unwrapping errors, but they would be multiples of 2p, i.e., multiples 330 
of 1.74/2 cm in terms of displacements. We consider such displacements rather improbable. 331 
The northern side of the diaphragm wall was completely measured before, during, and after the 332 
experiment, and the rest of the wall was partially measured. Inclinometers installed in the 333 
diaphragm wall were not read during the pumping test. Despite the few available data points 334 
and the small displacements (very close to the limit of detection), the GB-SAR measurements 335 
(right side edge) and the manual measurement of target MON4 (measurement with total station) 336 
obtained coincident values: MON4 measured 3.12 mm, and A8 measured 3.16 mm. The rest of 337 
the acquired manual data were used to validate the hydromechanical model. 338 
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Finally, a hydromechanical model was used to check whether the displacement distribution was 339 
similar along the wall and of the same order of magnitude. Wall displacements induced by 340 
dewatering inside the excavation were calculated for different sections. The ground level was 341 
assumed to be at +3.00, which corresponds to the reported level at the time of the test. The 342 
ground water level inside the excavation varied, depending on the section and based on the 343 
levels measured during the pumping test. An example of a calculated horizontal displacement 344 
section is shown in Figure 6.1 (section A6). The use of anchors in the upper part of the wall 345 
decreases the head displacements, producing an arched deformation shape, locating the 346 
maximum movement at approximately 6 m.a.s.l. The shape of this arch varies in each section, 347 
depending on the distribution of the anchors and the foot wall depth. 348 
The computed and measured horizontal displacements for the western retaining wall are shown 349 
in Figure 6.2. Horizontal displacements computed at the top of the wall and at ground level are 350 
presented in all sections. The results show that the measured displacements are in the range of 3 351 
mm, which is in good agreement with the lower range of the computed values (approximately 4 352 
mm). Considering that no particular adjustment of the model was made and that only 353 
groundwater levels were locally adjusted, the calculated results validate the measured 354 
displacements: the measured and predicted results appear to be in very good agreement, and 355 
only local discrepancies are observed. These discrepancies can be explained by changes in 356 
geometry and anchor distribution. In some sections, the complex vertical deformation shape 357 
obtained in the ©PLAXIS model (Figure 6.1) corresponds to a single point measured by means 358 
of GB-SAR, which makes the comparison difficult. 359 
4. CONCLUSIONS 360 
The experiment conducted in the La Sagrera railway station showed that GB-SAR can measure 361 
movements during the construction stage. GB-SAR has precisely quantified the horizontal wall 362 
displacements induced by dewatering. Manual data and numerical models have confirmed the 363 
measurements with a correlation analysis and by comparing measurements and deformation 364 
patterns, which produced similar results. Knowledge of the geology, hydrogeology, geotechnics 365 
and construction processes was found to be fundamental to design, perform and interpret the 366 
experiment. The results of this experiment are satisfactory. However, more detailed data 367 
obtained from the total station, extensometers and inclinometers would improve the reliability 368 
of the GB-SAR measurements. Moreover, the addition of an alert system to the GB-SAR sensor 369 
would ensure the continuous acquisition of the data. 370 
From this study, the following conclusions were drawn. First, the sensor location represents a 371 
critical aspect because, in construction projects, the imaged scene can vary considerably over 372 
time, and GB-SAR can measure only those elements, buildings and structures that remain 373 
coherent over the observed period. Second, due to the high sensitivity to small displacements, 374 
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the coverage of large areas, and the dense quantity of measurements over the observed scene, 375 
the GB-SAR can be helpful in understanding the mechanisms that control structure 376 
deformations and to identify vulnerable areas. For example, the La Sagrera case study showed 377 
different wall displacements, depending on the position of the anchors and a strong connection 378 
between the wall and the railroad tracks. Finally, the GB-SAR automation allows for obtaining 379 
high density temporal coverage. Depending on the expected deformation response, the radar 380 
data acquisition can be automatically realized every few minutes (as in the case of La Sagrera), 381 
hours, or days. 382 
 383 
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APPENDIX A. GB-SAR, MANUAL DATA AND HYDROMECHANICAL MODEL 475 
RESULTS FOR ALL CROSS-SECTIONS. 476 
 477 
FIGURE CAPTIONS 478 
Figure 1. Geographical location of the study site. The yellow wells are the ones activated 479 
during the pumping test. 480 
Figure 2. Detailed geological profile of the site. (1) Plan view of the geological basement, (2) 481 
Cross section A-B, (3) Cross section C-D. Excavation area, limited by diaphragm walls, is 482 
shown in light brown color. Both cross sections show the maximum excavation and the required 483 
dewatering system. 484 
Figure 3. Soil and excavation profile corresponding to the transverse section A6 (see Figure 4 485 
to locate the section) at the time of the experiment. A6 is also the transverse section of the 486 
hydromechanical model ©PLAXIS. 487 
Figure 4. Radar position, GB-SAR analysis area, manual acquisition data targets (blue circles, 488 
MON) and inclinometers (yellow squares), pumping well positions (red circles) and GB-SAR 489 
(black dashed lines) and ©PLAXIS (pink dashed line) section analysis. 490 
Figure 5. Radar output: displacements estimated by the GB-SAR. All pixels with discarded data 491 
due to the lack of coherence are shown in black. The red dashed line represents the measured 492 
diaphragm wall. Negative values represent movements towards the sensor.  493 
Figure 6. Hydromechanical model (©PLAXIS) results. (1) Cross section: horizontal 494 
displacement induced by dewatering calculated in the model for section A6. (2) Plan view: 495 
computed (gray band) and measured (red arrows) horizontal displacements for the mountain 496 
side retaining wall in all sections considered. (3) Cross section: locations of the anchors. 497 
Figure 7. Multi-parameter correlation: pumping rates, drawdowns and GB-SAR wall horizontal 498 
displacements. The measurements are shown in circles. The dashed line represents a data gap. 499 
The rest of the cross-sections are included in Appendix A. 500 
Figure A1. GB-SAR, traditional monitoring data and hydromechanical model results for all 501 
cross-sections. 502 
Table 1. Parameters of the Hardening Soil Model used in the ©PLAXIS hydromechanical 503 
model. t is the soil unit weight, c’ is cohesion, ’ is the friction angle, E is the Young’s 504 
modulus,  is Poisson’s ratio, m is the power for stress-level dependency of the stiffness, E50ref 505 
16 
is the reference Young’s modulus at 50% of the strength, Eoedref is the reference odometric 506 
modulus, and Eurref is the reference unloading-reloading modulus. 507 
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